Purpose: To develop a method that can separate and quantify the fast (>1 kHz) and slow exchange transfer and magnetization transfer components in Z-spectra.
from different molecules. Many exchanging protons, such as amine and hydroxyl groups, are broadened because of their rapid chemical exchange, causing their signals in Z-spectra to coalesce with the water resonance. Conventionally, the saturation power (B 1 ) and length are optimized to achieve some selectivity to exchange rate. 8, [15] [16] [17] [18] However, contamination from both the exchange transfer and other magnetization transfer components (MTCs) from lipids, proteins, semisolid macromolecules, and other metabolites generally complicates this simplified approach. A recent strategy is to acquire a full Z-spectrum with low saturation power, and to fit it by assuming a Lorentzian line shape for each exchanging pool, including water, amide, guanidinium, and relayed nuclear Overhauser effect (rNOE) peaks. 14, [19] [20] [21] Although this approach can improve specificity, it cannot separate the many overlapping signals, such as those from amine and hydroxyl groups, or from nonexchangeable aromatic protons that transfer magnetization to water through a rNOE process. 2, 20 When applying high B 1 , the Z-spectrum becomes even more complicated as a result of stronger contamination by direct water saturation, the increased signal from semisolid macromolecules, and the overlapping coalesced signals of fast-exchanging protons. 4 The development of pulsed-CEST provides a tool for Z-spectral editing in terms of separating different types of exchanging protons by their relaxation time, line shape, or exchange rate. 12, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] For instance, frequency-labeled exchange-transfer MRI can selectively detect amide protons and aliphatic protons 26 in the brain, and chemical exchange rotation transfer can extract the creatine signal. 12, 31, 36 The off-resonance variable-delay multipulse CEST (VDMP-CEST) 33, 35 is a pulsed CEST sequence in which the mixing time between pulses is varied to exploit the notion that slowexchanging protons and slow rNOEs require extra time to fully exchange with water after RF labeling. This is similar to the nuclear Overhauser spectroscopy and exchange spectroscopy experiments in high-resolution NMR. 37 The offresonance VDMP approach was originally used to detect slow-transferring magnetization of amide and aliphatic protons, by applying weak saturation pulses at one particular frequency. This low saturation power minimized contamination from fast-exchanging protons. Because of its sensitivity to exchange rates in the slow to intermediate range, VDMP-CEST can also be used as an transfer rate filter to remove the MTC contribution by performing difference editing as a function of mixing time, allowing selective detection of amide and aliphatic protons in human brain. 33, 35 When monitoring fastexchanging protons using VDMP-MRI at high B 1 , the VDMP build curves (i.e., the CEST signal as a function of mixing time) become complicated as a result of the combined effects of fast and slow exchange transfer and conventional magnetization transfer effects at the same offset. Under such conditions, the CEST signals from slow-exchanging or fast-exchanging solute protons cannot be obtained by simple subtraction between two images. Recently, the CEST signals from fast-exchanging protons could be selected in tissues using the on-resonance VDMP technique (i.e., pulse offset at the water resonance frequency) with high-power binomial pulses to achieve their efficient labeling. 34 This on-resonance VDMP approach treats all fast-exchanging protons as one single pool, called the "total fast-exchanging proton" pool. 38 As such, the on-resonance VDMP experiment closely resembles the T1q experiment, [39] [40] [41] [42] but with the added ability to distinguish slow-exchanging and fast-exchanging components based on their unique VDMP build-up patterns. However, similar to T1q dispersion, on-resonance VDMP lacks the chemical shift information needed for specificity. Here, we extend the idea of separating fast-transferring and slowtransferring protons to the off-resonance VDMP sequence. In addition, we are more careful and use the general terminology "transfer," which applies to both proton exchange and conventional magnetization transfer components, because the semisolid tissue components also have fast (due to exchangeable protons) and slow (due to rNOEs) transfer components. Thus, hereafter we will use "fast-transferring" proton and "slow-transferring" proton pool nomenclature. The technique was verified on a glutamate (Glu) solution, a bovine serum albumin (BSA) solution, and an MTC phantom (hair conditioner). We then performed in vivo mapping of the signal contributions from the slow and fast exchange transfer and MTC in healthy mouse brain.
| ME THO DS

| Magnetic resonance imaging pulse sequence
The VDMP pulse sequence 27, 35 is shown in Figure 1A . The width of the Gaussian pulse has to be long enough to minimize the direct water saturation, but cannot be too long, to avoid suppressing the VDMP build-up curves. 35 In practice, a pulse width of 10 ms was found to be a good balance, as demonstrated in Supporting Information Figure S1 . The magnetization transfer behavior for exchangeable protons during the VDMP sequence is very different for slow and fast transfer components. [33] [34] [35] In tissue, both fast and slow transfer components are abundant. 4, 43 Therefore, the VDMP build-up curves in vivo have to be fitted by at least a 3-pool model (e.g., the water pool and slow-transferring and fasttransferring proton pools), to account for the observed curves. 34 The detailed theory can be found in the supporting information. The g slow x slow and g fast x fast maps, corresponding to the signals from the slow-transferring and fast-transferring components generated by one single labeling pulse, respectively, will be determined using the VDMP build-up curves. Here, g is the labeling fraction and x is the transferring proton fraction relative to water. Notice that the signal transferred (DS/S0) as a result of the combined CEST and magnetization transfer effects will be the total effect of all pulses, including the enhancement factor that corrects for the number of pulses and the effect of T 1 relaxation over the time spread of all pulses over the total preparation time. 30 In the current study, with a short preparation time, the total enhancement therefore is approximately 16 times the g slow x slow or g fast x fast values.
| Simulations
To demonstrate the dependency on the concentrations of the fast-transferring and slow-transferring components, the VDMP build-up curves were simulated using Supporting Information Equations S1 and S2 with two sets of situations.
In the first set, the fast-transferring proton fraction was assumed to be constant (3% of the water proton magnetization), whereas the slow-transferring proton fraction was varied (0 to 5% of the water proton magnetization). In the second set, the slow-transferring proton fraction was set at 3% of the water proton magnetization and the fasttransferring proton fraction was varied (0 to 5% of the water proton magnetization).
| Phantoms
Glutamate (50 mM, approximately 0.1% proton fraction), BSA (10% w/v, approximately 0.79% proton fraction for amides, 0.11% proton fraction for hydroxyls, and 0.46% proton fraction for amines), and hair conditioner (Suave, Unilever, London) were selected to represent a metabolite, a mobile protein, and MTC pools found in tissue. Bovine serum albumin contains a large amount of both amine and amide protons, allowing demonstration of the capability of separating fast-exchanging (amine) and slow-exchanging (amide) protons by the current method. Except for the hair conditioner, phantoms were prepared in phosphate buffered saline, titrated to pH 7.3. All samples were studied in 5-mm NMR tubes.
| Animals
The institutional animal care and use committee approved this study. Three adult female SCID mice (National Cancer Institute, Frederick, MD), approximately 6 to 8 weeks old, were used. All animals were anesthetized using 2% isoflurane in airflow, followed by 1 to 1.5% isoflurane during the MRI scan.
| Magnetic resonance scanning
All MRI experiments were performed on a horizontal bore 11.7T Bruker Biospec system (Bruker, Ettlingen, Germany). Phantoms were studied at room temperature. Images were acquired using a rapid acquisition with refocused echoes sequence with TE 5 4 ms, TR 5 5 s, slice thickness 5 2 mm, and matrix size 5 32 3 32. The VDMP Z-spectra were collected from 23000 to 3000 Hz in increments of 200 Hz. For each offset, 8 mixing times (5, 10, 20, 30, 50, 70 , 100, and 125 ms) were collected with 16 Gaussian pulses of a 10-ms pulse width and 3 different maximum B 1 values (2.9, 5.9, and 11.8 mT). The matrix size was 64 3 64 (with a FOV of 1.6 3 1.6 cm 2 ) for high-resolution VDMP imaging on mouse brain. Two maximum B 1 values (5.9 and 11.8 mT) were used on animal studies. The T 1 values on both mouse brain and phantoms were obtained using a variable-TR rapid acquisition with refocused echoes sequence with TR 5 0.5, 1, 1.5, 2, 3.5, 5, and 8 s.
| Data analysis
Data were analyzed with custom-written MATLAB scripts. 34 When fitting the 3-pool VDMP build-up curves at each offset, 3 parameters ( g slow x slow , k slow; and g fast x fast ) were varied. A chi-square (v 2 ) goodness-of-fit analysis was performed for each offset. An average transfer rate of 2 kHz was assumed F IGUR E 1 A, Timing diagram of the off-resonance variable-delay multipulse (VDMP) sequence. A train of Gaussian selective pulses was applied for saturation. The acquisition of VDMP build-up curves at each offset is illustrated below the sequence. This was performed by fixing the pulse number and increasing the interpulse delay (i.e., the mixing time t mix ). B, The VDMP build-up curves were simulated by setting the fast-transferring proton contribution (g fast x fast ) as a constant (3% of the water proton magnetization), whereas the slow-transferring proton contribution (g slow x slow ) was varied from 0 to 5% of the water proton magnetization with an increment of 1%. C, Simulated VDMP build-up curves using the same parameters as those in (B), except g slow x slow was set to be constant (3% of the water proton magnetization), whereas g fast x fast was varied from 0 to 5% of the water proton magnetization. Exchange rates were 2 kHz and 30 Hz for fast-transferring and slow-transferring protons, respectively; T 1 was 1.9 s; pulse width was 10 ms; and number of pulses was 16 for fast-transferring protons, as the VDMP build-up curve is nearly independent of the transfer rate higher than 1 kHz. 34 Then, we obtained three maps for each saturation offset: a slow-transferring proton map ( g slow x slow ), the corresponding rate map (k slow ), and a fast-transferring proton map ( g fast x fast ). The measured T 1 -weighted values obtained using the variable-TR rapid acquisition with refocused echoes sequence were used in the fitting.
| R ES ULT S
| Simulations
The simulated VDMP build-up curves shown in Figure 1B ,C demonstrate that the shape of the build-up curves is extremely sensitive to the ratio of slow-transferring and fasttransferring protons: The addition of fast-transferring protons flattens the curves, whereas the addition of slow-exchanging protons shows an increase in saturation build-up. Therefore, the VDMP build-up curves have the potential to provide insight into the relative contributions of the two pools because of their different VDMP build-up patterns.
| Phantoms
The VDMP Z-spectra of hair conditioner, Glu, and BSA (at 2 B 1 levels) are plotted in Figure 2A -D, together with the spectra for the slow ( g slow x slow ) and fast ( g fast x fast ) components obtained by fitting the VDMP build-up curves at each offset ( Figure 2E-H) . The Z-spectra of hair conditioner (Figure 2A ,E) primarily show a slow-transferring component with an asymmetric profile with respect to the water resonance that has its frequency centered in the aliphatic proton range. On the contrary, only a fast-exchanging component is present in the transfer spectra of the Glu solution ( Figure 2B,F) . The measured fast-transferring component at 2 ppm is approximately 1%, which is a factor of 10 higher than the amine proton fraction (0.11%), which is the result of the CEST effect enhancing the sensitivity by the single 10-ms pulse. The separating results of the BSA sample show both fast-transferring and slow-transferring components (Figure 2G,H) . A fast-transferring component is visible on the positive frequency side compared with water, showing a coalesced line shape with water. Slow-transferring components are found on both sides, tentatively assigned to amide protons (3.6 ppm), and rNOEs of aromatic protons at positive frequency (1-2.5 ppm) and of aliphatic protons at negative frequency (multiple resonances with apparent maximum at 23.6 ppm), respectively. The fast component shows a pattern similar to that of the Glu solution, and is tentatively assigned to the amine protons. 20, 43 The fitting of the build-up curve is Figure 2I -L) in the frequency ranges in which a strong CEST signal is present. In contrast, the fitting can be worse when the CEST signal is low compared with the noise background. The amide (3.6 ppm), rNOE (23.6 ppm), and amine CEST (2 ppm) signals for the BSA F IGUR E 2 The VDMP-CEST Z-spectra at mixing times of 5 and 70 ms for hair conditioner (A, E), glutamate (Glu) with peak saturation power 11.8 lT (B, F), bovine serum albumin (BSA) solution with peak saturation power 11.8 lT (C, G), and BSA solution with peak saturation power 2.9 lT (D, H). E-H, Transfer spectra of the corresponding slow-transferring (g slow x slow ) and fast-transferring (g fast x fast ) components obtained by fitting the VDMP build-up curves at different offsets for the phantoms in (A) to (D). I-L, Chi-square goodness-of-fit test for each offset. M, Amide protons (APT), relayed nuclear Overhauser effect (rNOE), and amine CEST signal of BSA solution obtained by fitting the VDMP build-up curves using a 3-pool model as a function of peak saturation power. The error estimations were carried out by fitting the data pixel-by-pixel, and then calculating their average value and standard variation. The VDMP sequence consisted of 16 pulses of 10 ms length solution are plotted as a function of saturation power in Figure 2M . Although the signal intensity of the slowexchanging component increases only slightly with B 1 , that of the fast-exchanging component increases approximately 10-fold. 44, 45 The exchange rates of hair conditioner were determined to be approximately 36 6 2 Hz and 48 6 2 Hz at 23.6 ppm and 3.6 ppm, respectively, whereas the exchange rates were 23 6 3 Hz and 12 6 2 Hz for the BSA at the offsets of 3.6 ppm (amide proton) and 23.6 ppm (aliphatic protons), respectively. The measured slow-transferring component (0.25-0.4%) is smaller than the proton fraction (0.79%) in BSA because of 2 factors: the labeling fraction g is lower than 1, and some of the amide protons have a very slow exchange rate with water. Similar to the CEST experiments on the Glu phantom, the measured fast-transferring component for amine protons in BSA with high labeling ) and fast-transferring (g fast x fast ) components. E, F, Chi-square goodness-of-fit corresponding to each offset. Experiments were performed using 16 Gaussian pulses (10-ms pulse width). G, H, The VDMP build-up curves, as well as the fitting results, using the 3-pool model are plotted for the peak powers of 5.9 lT (G) and 11.8 lT (H), respectively. The curves of slow magnetization transfer contrast (MTC), fast-MTC, and fast-transfer proton (FP) pools are indicated in (C). Six different regions of interest were chosen for the error estimations power (1.4% at 11.8 lT) are also higher than the amine proton fraction in BSA (0.46%). Figure 3 shows the VDMP Z-spectra at two mixing times ( Figure 3A,B) , as well as the fitted transfer spectra for fasttransferring and slow-transferring components ( Figure 3C,D) in the mouse brain recorded with saturation powers of 5.9 lT (Figure 3A ,C) and 11.8 lT (Figure 3B,D) . The chi-square goodness-of-fit is plotted in Figure 3E ,F and indicated excellent fitting for each offset (v 2 <5310 24 ) because of the strong MTC/CEST signal in vivo. The VDMP build-up curves, together with the fitting results from the 3-pool model for the frequencies at 63.6 ppm, are also plotted for the low and high B 1 values ( Figure 3G,H, respectively) . The slow-transferring component spectra at both B 1 levels strongly resemble those in the hair conditioner phantom and are assigned to arise primarily from the MTC component. In the current study, high saturation powers were applied, which caused the amide and aliphatic peaks to be obscured by the strong MTC components. 35 To distinguish the MTC component with slow transfer rate from other chemical exchanging pools, such as the amide protons CEST and the rNOE-CEST, the component is called "slow-MTC." The slow-MTC shows a complicated line shape with a maximum signal of approximately 23.6 ppm, and is not symmetric with respect to the water frequency. This is consistent with previous studies indicating that the slow-MTC pool arises primarily from the aliphatic chains of the immobilized macromolecules. 46, 47 With a saturation power of 11.8 mT, the transfer rates (k slow ) for the slow-MTC were 25 6 3 Hz and 35 6 2 Hz for the offsets at 23.6 and 3.6 ppm, respectively. The fast-transferring component spectrum shows a constant background in the region studied (i.e., based on the signal from 27 to 24 ppm and from 4 to 7 ppm), which is attributed to a symmetric fast-MTC component that increases with B 1 (0.5% at B 1 5 5.9 mT and 1% at 11.8 mT). In addition to this MTC part, there were larger fast components closer to water, showing a clear asymmetry with respect to the water resonance. These components are assigned primarily to the fast-exchanging protons (FPs) from metabolite and mobile protein OH and NH 2 groups, and of course the symmetric fast-MTC baseline, most likely of OH protons in the semisolid. The assignments of slow-MTC, fast-MTC, and FP pools are indicated in Figure 3C . In the current study, FP signals over a small frequency range are detected, compared with the total of all fast-transferring components (i.e., total FPs) detected in the on-resonance VDMP method. 38 Therefore, the name "FP" is used to show the difference. Notice that the FP pool may have a partial contribution from the fast-MTC pool. Slow-MTC, fast-MTC, and FP maps at 63.6 and 2 ppm are plotted in Figure 4 . The slow-MTC maps at the 3 frequency offsets all show a similar clear contrast between gray matter and white matter, with strong saturation in white matter, confirming our assignment to an MTC origin. The fast-MTC and FP map show homogeneous intensity across the F IGUR E 4 Slow-transfer component map (g slow x slow ) of a mouse brain at 3.6 ppm (A), 2 ppm (B), and 23.6 ppm offsets (C), as well as the FP images (g fast x fast ) at frequency offsets of 3.6 ppm (D), 2 ppm (E), and 23.6 ppm (F). The images were recorded using 16 Gaussian pulses (10-ms pulse width) with peak saturation power 11.8 lT brain at the 3 offsets. This observation is consistent with previously reported slow-MTC and total FP map measured using the on-resonance VDMP technique. 34 
| In vivo MRI
| D IS C US S I ON
We demonstrated that off-resonance VDMP can be used as a transfer rate filter to distinguish and quantify slowtransferring and fast-transferring components in Z-spectra by varying the mixing times. The method revealed several pools in tissues based on their different transfer rates that would be difficult to access using conventional MTC/CEST techniques.
The Z-spectrum of BSA ( Figure 2C,D) at approximately 2 to 3 ppm is dominated by the amine protons, particularly at high saturation power ( Figure 2C ). The separation of amide and amine protons is extremely difficult with the commonly used Lorentzian line-shape fitting technique, because of the serious overlap between the 2 proton groups and the coalesced shape of the amine resonance, whereas the off-resonance VDMP method could accomplish this ( Figure 2G,H) . The amide protons, as well as the aromatic protons in BSA between 1 and 2.5 ppm, are clearly visible in the slow-exchanging Z-spectra.
Recently, a transient MTC technique that resembles the VDMP approach was used to study the MTC parameters in human brain at 7T MRI, which resembles the VDMP approach, and provided information about the transfer rates and the line shape of the macromolecular components. 47, 48 The off-resonance VDMP scheme has the additional capability of separating the fast-transferring and slow-transferring components that exist in Z-spectra. In the mouse brain, at the high saturation power applied in the current study, the amide and aliphatic peaks overlap with the broad slow-MTC line shape. Therefore, the exchange rates at each offset become a proportionally averaged value between slow-MTC and the mobile protein-based amide/aliphatic proton transfer rates, and show a measurable difference at the aliphatic (23.6 ppm, 25 6 3 Hz) and amide (3.6 ppm, 35 6 3 Hz) frequency offsets. The current study presents direct evidence that MTC contains fast-exchanging components, which is often neglected but in line with considerations put forward by a previous study. 49 The contributions to the fast components in the transfer spectra in the region between 24 and 4 ppm are more difficult to assign. In addition to some small effect remaining from mixing-time dependence of the direct water saturation, the fast-transferring protons from mobile proteins and metabolites (i.e., the FP pool), and bound water and semisolid OH groups, may be the major sources. The line shape of the FP pool closely resembles that of the fastexchanging protons in vivo detected by other techniques, 50, 51 in which the protein was also indicated as the major source for the FP pool. The complicated line shapes and presence of multiple MTC pools suggest that caution is required when fitting the Z-spectra using simple Lorentzian line-shape analysis.
In the current mouse study, we used high B 1 levels to focus on FP in addition to MTC contributions. Similar to conventional MTC, the slow-MTC also showed high contrast between the white matter and gray matter in the mouse brain at all frequency offsets measured, which indicates that a large amount of slow-MTC probably arises from myelin lipids.
The fast-MTC pool shows uniform signal across the brain, similar to the total fast-exchanging proton map. 34 Further studies are needed to confirm the contributions to the fast-MTC and FP. In the current study, the off-VDMP was performed at a wide range of saturation offsets to investigate the contributions of the fast-transferring and slow-transferring protons in tissues. For the potential clinical application of the technique, the number of saturation offsets can be significantly reduced to a few frequencies of interest to reduce the experimental time.
| CON CLU S IO NS
It was shown that the off-resonance VDMP technique can extract fast-transferring and slow-transferring components from the Z-spectra of phantoms and mouse brains in vivo.
The broad slow-transferring component under high B 1 situation shows asymmetric with respect to water was attributed primarily to slow-MTC. At large offsets, a symmetric MTC component (fast-MTC) was found. The results provide insight not only into all transferring proton pools in the brain, but especially offer a new technique that can obtain slow-MTC (asymmetric), fast-MTC (symmetric), and fastexchanging proton components in tissue.
